Osteosarcoma (OS) is the most common primary malignancy of bone. We investigated the roles of insulin-like growth factor binding protein 5 (IGFBP5) domains in modulating OS tumorigenicity and metastasis. The N-terminal (to a lesser extent the C-terminal) domain inhibited cell proliferation and induced apoptosis while the C-terminal domain inhibited cell migration and invasion. The Linker domain had no independent effects. In vivo, the N-terminal domain decreased tumor growth without affecting pulmonary metastases while the C-terminal domain inhibited tumor growth and metastases. In summary, the N-and C-terminal domains modulated OS tumorigenic phenotypes while the C-terminal domain inhibited OS metastatic phenotypes.
Introduction
Osteosarcoma (OS) is the most common primary malignancy of bone in children and young adults, with a peak incidence in the second decade of life [1] . Although approximately 80% of patients have either macro-or micro-metastatic disease at the time of diagnosis, only 10-15% of these lesions can be identified with current imaging modalities [2, 3] . With current treatment protocols, which include wide resection and chemotherapy, the average 5-years disease-free survival is only 65-70% [4, 5] . Despite significant advances in surgical techniques and chemotherapeutic regimens over the past few decades, there has been minimal improvement in patient survival, and there is a critical need to identify molecular markers which provide insight into both the pathogenesis and metastasis of OS. While various genetic and hereditary conditions are associated with OS, the precise molecular mechanisms leading to the development of OS are poorly understood; this may be indicative of the complexity of the disease [6] [7] [8] .
In previous studies, we have shown that insulin-like growth factor binding protein 5 (IGFBP5) is a critical inhibitor of OS tumorigenesis and metastasis [9, 10] . IGFBP5 expression was also decreased in metastatic OS lesions when compared to primary tumors in patient samples [9] . When we examined the role of IGFBP5 in OS pathogenesis and metastasis, we found that it acted as a potent tumor suppressor, and over-expression of IGFBP5 inhibited OS cell proliferation, migration and invasion in vitro, while inducing apoptosis [9] . Conversely, siRNA knockdown of IGFBP5 promoted OS growth and lung metastases in vivo.
IGFBP5 belongs to the IGFBP family of six secreted proteins which play a critical role in regulating insulin-like growth factor 1 (IGF1) and IGF2 signaling, and IGFBP5 is the major IGF binding protein in bone [11] . It contains highly conserved cysteine-rich N-and C-terminal domains and a less conserved central Linker domain [12] . Structural analyses have demonstrated that the N-terminal domain contains a hydrophobic stretch of amino acids serving as the primary IGF binding site [12] . IGFBP5 contains an N-terminal signal peptide that is crucial for protein transport and eventual secretion [12] . The C-terminal domain contains binding sites for several extracellular matrix (ECM) components including heparin and hydroxyapatite and interacts with a wide variety of molecules mediating both IGF-dependent and IGF-independent signaling [12] . The Linker domain contains proteolytic cleavage sites and is the site for several post-translational modifications, including glycosylation and phosphorylation.
In this investigation, we examine the roles of the different IGFBP5 domains in OS pathogenesis and metastasis. Given the unique functions of each domain, we hypothesized that each would modulate different aspects of OS tumorigenicity and metastasis. We found that over-expression of the N-terminal domain inhibited OS cell proliferation and primary tumor growth while promoting apoptosis. Expression of the C domain inhibited OS cell migration, invasion and primary tumor growth, with inhibition of cell proliferation to a lesser extent. Furthermore, we found that the C domain significantly inhibited the formation of spontaneous pulmonary metastases in an orthotopic animal model.
Materials and methods

Tissue culture
HEK293 and human OS 143B cells were purchased from ATCC (Manassas, VA). We also used a highly tumorigenic MG63.2 OS cell line that was established by serially passaging the metastases of a parental MG63 line, as previously reported [9, 10] . Unless otherwise indicated, all chemicals were purchased from Sigma-Aldrich (St. Louis, MO) or Fisher Scientific (Pittsburgh, PA).
Creation of recombinant adenoviral vectors expressing IGFBP5 domains
The cDNA coding regions to the N-terminal, Linker and C-terminal domains of IGFBP5 were PCR amplified and subcloned. We included the native signal peptide of IGFBP5 in each construct to ensure proper protein transport and secretion. The PCR-amplified fragments were confirmed by sequencing. Cloning details and oligo sequences are available upon request. Recombinant adenoviruses were generated using the previously described AdEasy system resulting in adenoviruses expressing the following domains: NL (Adv-NL), N (Adv-N), LC (Adv-LC), L (Adv-L) and C (Adv-C) [13] [14] [15] [16] . Each adenoviral construct also expressed RFP to monitor infection efficiency. Identical constructs containing a Flag tag were also made. Adenovirus expressing RFP only or full length IGFBP5 (Ad-NLC) were used as controls. Equal efficiency of adenoviral transduction for each construct was achieved by dose titration and direct visualization under fluorescence imaging.
RNA isolation and semi-quantitative RT-PCR
Total RNA was isolated using TRIZOL Reagents (Invitrogen), and cDNA was generated. The cDNA products were used for semi-quantitative PCR using primers specific to the IGFBP5 domains of interest. All samples were normalized by GAPDH expression. Oligo sequences are available upon request.
Western blot analysis for construct expression
Western blot analysis was performed as previously described [17, 18] . Briefly, the cDNA coding regions of our unique IGFBP5 domains were subcloned into a pSEB-Flag vector. Subsequently, we transiently infected HEK 293 cells, which have a very low endogenous IGFBP5 expression, to verify the production of our constructs. Anti-Flag antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, California) and secondary antibodies conjugated with horseradish peroxidase from Pierce (Rockford, IL).
Trypan Blue cell proliferation assay
Trypan Blue cell proliferation assays were performed as previously described [19] . Briefly, subconfluent OS cells were infected with the indicated adenoviruses or controls. Cells were replated at 72 h in 1% FBS complete media. The cells were then collected at the indicated time point and the viable cells counted using Trypan Blue staining. Each assay was performed in triplicate. 
Wound healing cell migration assay
Wound healing migration assays were performed as previously described [17, 18] . Briefly, subconfluent OS cells were infected with the indicated adenoviruses or controls. Wounds were made on the monolayers using a pipette tip. Bright field images of three different fields were taken at 0 and 36 h. At 36 h, the plates were washed, cells fixed with formalin and stained with crystal violet. Quantification of cell migration was done by averaging the greatest gap distances at three randomly chosen points. Each assay was performed in triplicate.
Matrigel cell invasion assay
Matrigel cell invasion assays were performed as previously described [10] . Briefly, subconfluent OS cells were infected with the indicated adenoviruses or controls and plated in the upper chamber of a Matrigel transwell. FCS was used as a chemoattractant and after 72 h, the membranes containing the invading cells were fixed in 10% formalin, stained with hematoxylin, cleaned and mounted. Four random high power fields (200Â) were counted per insert, and representative images were obtained. Each assay was performed in triplicate.
Caspase 3, 8, and 9 immunohistochemical staining
Immunohistochemical staining for the late apoptotic marker cleaved-caspase 3, caspase 8, and caspase 9 was carried out as previously described [20, 21] . Briefly, subconfluent OS cells were infected with the indicated adenoviruses or controls and stained at 72 h. The fixed cells were blocked with bovine serum, avidin and biotin blocking solution. Cells were probed with the primary antibody followed by incubation with anti-goat IgG secondary antibody conjugated with horseradish peroxidase (Pierce).
Flow cytometry
Subconfluent OS cells were infected with the indicated adenoviruses or controls. After 72 h, the cells were trypsinized and re-plated at subconfluent conditions in 1% FBS complete media. Cells were harvested 48 h later, washed with PBS and stained with propidium iodide and AnnexinV. Cells were sorted and categorized as alive, early apoptotic, or late apoptotic based on flow cytometry results.
Orthotopic xenograft model
The highly tumorigenic and metastatic 143B cell line, with stable expression of luciferase, was used to analyze the in vivo tumorigenic and metastatic effects of our IGFBP5 domains as we have previously described [9] . We chose the 143B cell line because of the relatively short time (4-6 weeks) to tumor formation and metastasis in mice to minimize cost. We have previously demonstrated that both the 143B and MG63.2 cells behave similarly when over-expressing full-length IGFBP5 [9] . Cells were infected with the indicated adenoviruses or controls. At 36 h, cells were harvested and prepared for a subperiosteal injection (1.5 Â 10 6 /injection) into the bilateral proximal posterior tibiae of athymic nude mice (male, Harlan Sprague Dawley, 4-6 weeks old) as previously described [9, 10] . Although the subperiosteal injection has a lower metastatic efficiency compared to our previously described intratibial injection [10] , we now use the subperiosteal injection to avoid the immediate 10% mortality associated with the intratibial injection from marrow embolic events. Five mice were used per group. Tumors were measured every 3-4 days, and the tumor volume and doubling times were calculated as previously reported [22] . Five weeks following implantation of 143B cells, animals were sacrificed, and primary tumors and lungs were harvested for evaluation.
Xenogen bioluminescence imaging
Bioluminescent imaging was performed every 3-4 days as previously described using the Xenogen IVIS 200 imaging system [9, 10] . The pseudoimages were obtained by superimposing the emitted light over the gray-scale photographs of the animal. Quantitative analysis was done with Xenogen's Living Image V2.50.1 software as previously described [9,10].
Histologic evaluation
Histologic evaluation was performed as previously described [9, 10] . Briefly, the harvested tumors and lungs were fixed with 10% formalin, embedded in paraffin, serially sectioned and stained with hematoxylin and eosin. All samples were assigned a random number and analyzed by a blinded pathologist.
MicroCT imaging
MicroCT imaging was performed as previously described [14] . Briefly, the harvested tumors were fixed in 10% formalin and subjected to imaging. After the imaging, the data was analyzed via the Amira software program (Visage Imaging, San Diego, California).
Statistical analysis
A two-tailed Student's t-test was used for the analysis of cell proliferation, apoptosis, migration, and Matrigel invasion assays as well as the tumor doubling time and spontaneous metastases. The full-length IGFBP5 construct and the mutant constructs were compared with the RFP control using a two-tailed Student's t-test. All experiments were performed in triplicate and repeated on three separate occasions unless otherwise stated.
Results
Over-expression of IGFBP5 domains in osteosarcoma cell lines
IGFBP5 contains three unique domains with different functions (Fig. 1A) . The N-terminal domain (N) is an 80 amino acid region that serves as the primary IGF binding site. The Linker domain (L) contains 89 amino acids that undergo post-translational modifications such as glycosylation, phosphorylation and proteolysis. Finally, the C-terminal domain (C) is an 82 amino acid region containing ECM binding sites and secondary IGF binding regions. IGFBP5 also contains an N-terminal signal peptide that is crucial for protein transport and eventual secretion.
We created the full-length and five different IGFBP5 constructs containing different combinations of the N, L and C domains (Fig. 1A, bottom panel) . All constructs also contain the N-terminal signal peptide to ensure proper protein transport and secretion. Using adenoviral vectors, we over-expressed these constructs in two highly metastatic OS cell lines, 143B and MG63.2. RNA was harvested at days 3, 5 and 7 and construct expression evaluated by semi-quantitative RT-PCR. As shown in Fig. 1B , we observed robust expression of all constructs in both 143B and MG63.2 OS cell lines at 7 days post-infection. Over-expression of identical constructs containing a Flag tag was detectable by Western blot analysis in HEK293 cells, which have very low endogenous IGFBP5 expression (Fig. 1B) . All adenoviral constructs contained an RFP marker to monitor infection efficiency, and as shown in Fig. 1C , we observed equal infectivity under direct fluorescence imaging following titration.
Cell proliferation
We next assessed the effects of our IGFBP5 constructs on phenotypes important for OS growth and metastasis. Each construct was over-expressed in MG63.2 and 143B OS cell lines, and the proliferative capacity was measured in vitro using Trypan Blue and crystal violet cell proliferation assays. The N, NL and NLC domains significantly inhibited proliferation in 143B cells compared to the RFP control ( Fig. 2A, p < 0.02) . To a lesser extent, the C-terminal and LC domains inhibited cell proliferation in 143B cells compared to the RFP control (p < 0.06). Doubling times for the N, NL, NLC, C, LC and RFP groups were 64.1 ± 4.2, 57.9 ± 4.8, 70.5 ± 5.1, 53.7 ± 4.4, 51.8 ± 4.8 and 34.1 ± 4.5 h, respectively. The N, NL and NLC domains also inhibited cell proliferation in MG63.2 cells when compared to the RFP control (Fig. 2B, p < 0.03) . Doubling times for the N, NL, NLC, C, LC and RFP groups, were 50.7 ± 4.6, 53.1 ± 6.1, 58.8 ± 4.6, 35.0 ± 4.4, 36.4 ± 4.3 and 27.5 ± 4.2 h in MG63.2 cells, respectively. We observed no statistically significant difference in proliferation between the NL and full-length IGFBP5 (NLC) constructs. Crystal violet staining demonstrated similarly decreased proliferative capacity of OS cells overexpressing the N-terminal domains, and to a lesser extent cells expressing the C-terminal domains, of IGFBP5 in both 143B and MG63.2 cell lines (data not shown). Taken together, these results suggest that the N-terminal domain is largely responsible for the inhibition of OS cell proliferation by IGFBP5, while the C-terminal domain has a lesser effect on OS cell proliferation.
Apoptosis
To examine the mechanism underlying the inhibition of OS cell proliferation by our IGFBP5 constructs, we evaluated for the presence of a late apoptotic marker, cleaved caspase-3, and performed flow cytometry to determine the percentage of cells in either early or late stages of apoptosis. As shown in Fig. 3A , over-expression of constructs containing the N-terminal domain of IGFBP5 (i.e. N, NL, and NLC) led to a marked increase in necrotic and apoptotic cells compared to the RFP control in 143B cells as determined by flow cytometry. Examples of the sorted populations for the RFP, NLC, NL, and N constructs are shown in Fig. 3A , top panel and the quantifications for all the constructs are shown in Fig. 3A , bottom panel. Over-expression of the NLC and NL domains resulted in a greater than fivefold higher percentage of apoptotic cells than the RFP control, at 33.3% and 23.1%, respectively (p < 0.01). The N, C and LC domains demonstrated an approximately twofold increase in apoptosis, at 10.8%, 9.6% and 12.6%, respectively (p < 0.05). Next, we performed immunohistochemical staining with an anti-cleaved caspase-3 antibody. As shown in Fig. 3B , we again demonstrated that the most significant induction of apoptosis was by constructs containing the N-terminal domain (outlined red). In the 143B cell line, the NLC, NL and N domains demonstrated the most potent apoptotic induction compared to the RFP control (Fig. 3B, left panel) . Similarly, in our MG63.2 line the NLC, NL and N domains significantly increased OS cell apoptosis (Fig. 3B, right panel) . Similar results were seen with immunohistochemical staining for caspase 8 and 9 (Supplemental Fig. 1 ). Taken together, these results suggest that the Nterminal domain of IGFBP5 likely exerts its anti-proliferative effect by inducing OS cell apoptosis. The C-terminal domain had similar effects but to a lesser extent.
Cell migration and invasion
The ability of tumor cells to migrate and invade is considered an important indicator of cell aggressiveness and metastatic ability. The C-terminal domain of IGFBP5 has been found to interact with various ECM components, and we hypothesized that through these interactions, the C domain may inhibit the migratory and invasive capabilities of OS cells. To assess the effect of our IGFBP5 domains on migration in vitro, we performed wound healing assays as previously described [9] . Briefly, a wound was made in a monolayer of adenoviral-transduced OS cells, and the ability of the cells to close the gap was demonstrated qualitatively and measured quantitatively in 143B and MG63.2 OS cells. As shown in Fig. 4A (left panel), over-expression of IGFBP5 domains containing the Cterminal region significantly inhibited the migration of 143B cells. When gap closure was quantified (Fig. 4B) , the NLC, LC and C domains resulted in a 20 ± 4.2%, 21 ± 4.9%, and 17 ± 4.0% closure, respectively, which was significantly lower than the 87 ± 9.1% closure observed in the RFP control (p < 0.01). Similar results were seen in the MG63.2 cell line. As shown in Fig. 4A (right panel) , the NLC, NL, LC and C domains significantly inhibited cell migration in MG63.2 cells (p < 0.03). The anti-migratory effect of the N construct was not as potent as these other domains but still significant compared to the RFP control (p < 0.05). Quantitative gap closure for the NLC, NL, LC and C domains were 28 ± 7.0%, 31 ± 6.1%, 18 ± 4.6% and 32 ± 5.2%, respectively, significantly lower than the 87 ± 9.7% closure obtained in the RFP group (Fig. 4C, p < 0.03) . For both 143B and MG63.2 cells, the Linker domain (L domain) had no effect on OS cell migration.
Next, we determined the invasive potential of OS cells using a previously described Matrigel invasion assay [9] . Adenoviral-transduced MG63.2 and 143B cells were plated in the upper chamber of a Matrigel-coated transwell insert, and their ability to invade through a porous Matrigel matrix was measured. As shown in Fig. 5A for 143B cells, we found significant cell invasion in the RFP, NL, N and L domain treatment groups, while there was minimal invasion in the NLC, LC and C domain constructs. When quantifying the number of cells invaded (Fig. 5B) , we found the NLC, LC and C domains exhibited the most significant inhibitory effect on cell invasion (p < 0.01). In fact, the inhibition by the LC and C domains was equally as potent as the NLC construct. We observed no significant inhibitory effect on cell invasion by the NL, N and L domain constructs. Similar results were seen with MG63.2 cells (data not shown). While the N-domain had some inhibitory effects on cell migration, its inhibitory effects on cell invasion was minimal. These results suggest that the C domain of IGFBP5, likely through its interactions with ECM components, is responsible for the inhibition of cell migration and cell invasion in these osteosarcoma lines.
Primary tumor growth
We next sought to investigate the role of our IGFBP5 domains on primary OS tumor growth in an orthotopic animal model. Given the unique functions of the N-and C-terminal domains demonstrated in our in vitro studies, we chose to use IGFBP5 constructs expressing only the N and C domains for the in vivo studies. The NLC and RFP constructs were used as positive and negative controls, respectively. The luciferase tagged 143B cells were equally infected with adenovirus expressing RFP only (Ad-RFP), Ad-NLC, Ad-N or Ad-C and injected subperiosteally in the posterior tibia. The animals were subjected to biweekly Xenogen bioluminescent imaging. As seen in Fig. 6A , over-expression of the N and C domains by adenoviral transduction in the 143B cell line resulted in decreased primary tumor growth compared with the RFP control (p < 0.01). The effect of these individual domains was equivalent to the anti-tumor effect of the full-length IGFBP5 construct. Over-expression of the N and C domains increased tumor doubling times by 166% and 117%, respectively compared to the RFP control group. The doubling times during the log phase of growth for the N domain, C domain, full length IGFBP5 and RFP control groups are shown in Table 1 . When the primary tumors were grossly examined, there was a marked difference in tumor size between the N domain, C domain, full length and RFP treatment groups (Fig. 6B,  top row) . Live animal bioluminescent imaging 4 days prior to tumor harvesting further demonstrated the difference in tumor sizes between these four groups (Fig. 6B, bottom row) . We found that by the second week, there was consistently increased luciferase activity visualized by live animal biweekly Xenogen bioluminescent imaging in the RFP group and a marked decrease in the NLC, N domain and C domain treatment groups (data not shown). Taken together, the full length, N, and C domains had inhibitory effects on tumor growth.
Tumor invasion and spontaneous pulmonary metastases
We next characterized the role of the IGFBP5 domains on OS primary tumor invasion and spontaneous pulmonary metastasis. MicroCT analysis was conducted on primary tumors to evaluate for bone invasion and destruction at the primary tumor site. The proximal tibias of mice in the RFP and N domain groups demonstrated significant destruction of the bone architecture (Fig. 6C) , with bone destruction extending to the fibulas in these groups. However, the tibias and fibulas of mice in the C domain and NLC over-expression groups remained entirely intact, with no bone invasion or destruction. Random sagittal sections dividing the tibia and tumors were generated and stained with hematoxylin and eosin (Fig. 6D) . The RFP and the N domain groups showed significant destruction and invasion through the posterior cortex and into the bone marrow, while the tumors in the C domain and full-length NLC groups had little or no bone destruction or invasion on histologic analysis.
Next, we examined for the presence of spontaneous pulmonary metastases. The lungs were subjected to histologic evaluation to evaluate for the presence of micro-metastatic disease. Random sections at the maximal width of the lungs were stained with hematoxylin and eosin (Fig. 6F) . We found significant micro-metastatic disease in both the RFP and N domain treatment groups; however, treatment with the C domain and NLC group significantly inhibited the formation of spontaneous pulmonary metastases (p < 0.01). The average number of metastases per high power field for the RFP, full length IGFBP5, N domain and C domain groups are shown in Table 1 . As expected, the pulmonary micro-metastatic disease did not have sufficient tumor burden and bioluminescent signal to be detected by bioluminescent imaging of the animal (Fig. 6E) . Overall, our evaluations suggest the C-terminal domain of IGFBP5 is responsible for the suppression of both OS tumor invasion and pulmonary metastases.
Discussion
We have previously reported the inhibition of osteosarcoma tumorigenicity and metastasis by IGFBP5 [9] . Analysis demonstrated that IGFBP5 expression was down-regulated in metastatic pulmonary lesions taken from OS patients. Upon characterizing the role of IGFBP5 in four OS cell lines, we found that over-expression of IGFBP5 inhibited cell proliferation and primary tumor growth, while inducing apoptosis. Our studies also showed that IGFBP5 inhibited cell migration and invasion in vitro, while inhibiting the formation of spontaneous pulmonary metastases in vivo. In this study, we functionally characterize the three domains of IGFBP5 and their effects on OS tumorigenicity and metastasis. We find that the N domain of IGFBP5 inhibits cell proliferation while inducing the apoptotic cascade. The C domain inhibits OS cell migration and invasion in vitro with a lesser effect on the inhibition of cell proliferation than the N domain. In an orthotopic tumor model, we find that both N and C domains inhibit primary tumor growth, but only the C domain significantly inhibits primary tumor invasion and the formation of spontaneous pulmonary metastases. The L domain has no independent effects on OS tumorigenesis or metastasis.
Little is currently known about the role of IGFBP5 in OS, but the IGF pathway has been implicated in a number of human cancers [23, 24] . Furthermore, studies elucidating the role of IGFBP5 in tumor progression have provided conflicting results. For example, IGFBP5 is down-regulated in renal and cervical tumors and induces caspase expression and apoptosis in breast cancer cells [25] [26] [27] [28] [29] [30] . However, other studies have shown that IGFBP5 is up-regulated in high-grade ovarian carcinoma and thyroid papillary carcinomas [25] [26] [27] [28] [29] [30] . These results may reflect the complexity of IGFBP5 signaling as well as its ability to modulate both IGF-dependent and IGFindependent effects [31] . To our knowledge, there have been no studies functionally characterizing the domains of IGFBP5 in osteosarcoma, and our work is the first of such reported in the literature. In our study, we find that the N domain of IGFBP5 primarily suppresses cell proliferation and tumor growth while inducing apoptosis. These findings are supported by the reported functions of the N-terminal domain; studies have shown that IGFBP5 contains a high-affinity IGF binding site located in the N-terminal region termed 'mini-IGFBP5' [32] . Deletion mutagenesis studies have shown that this N-terminal fragment binds IGF-I and, with reduced affinity, IGF-II, exhibiting an inhibitory effect on IGF-I signaling [32] . IGF-I activation results in downstream activation of the mitogen-activated protein kinase (MAPK) pathway and phosphatidylinositol-3-kinase (PI3K) pathway, resulting in cellular proliferation and inhibition of apoptosis [33] . Given the inhibitory effect of the N domain on IGF-I signaling, it is likely that the IGFBP5 N-terminal domain exhibits its anti-proliferative and pro-apoptotic effects by modulating the IGF-I signaling axis in OS cells.
Our observed inhibition of OS cell migration, cell invasion and pulmonary metastases by the C-terminal domain is supported by previous work characterizing the functional role of the C domain; this domain has been shown to interact with extracellular matrix (ECM) components such as fibronectin, vitronectin, thrombospondin-1 and hydroxyapatite [12, 31] . In addition, IGFBP5 contains three heparin binding motifs within the C-terminal and Linker domains [34, 35] . Deletion mutagenesis studies indicate that the C domain is the primary heparin binding site, with the Linker domain only effective in the absence of the C-terminal region [35] . The ability of the C domain to bind ECM components may regulate OS cell-cell and cell-matrix interactions. In addition, the C-terminal region contains a unique nuclear localization sequence (NLS) that regulates intracellular IGFBP5 transport [31] . We believe the observed inhibition of cell migration, cell invasion and spontaneous pulmonary metastases likely arises from the C domain's interactions with various ECM components and its ability to modulate intracellular signaling. Interestingly, our in vivo studies demonstrated a significant inhibition of primary tumor growth by both the C-terminal and N-terminal domains. Our in vitro studies showed the N-terminal domain to have significant inhibition of proliferation, while the C-terminal domain had a lesser but not statistically significant (p < 0.06) anti-proliferative effect. Previous studies have also shown that the C-terminal region contains secondary IGF-I binding sites, and we believe the observed inhibition of primary tumor growth, and to a lesser extent in vitro cell proliferation, by C domain-containing constructs may be a result of its actions in the IGF-1 signaling pathway [31] . It is possible that these secondary IGF-I binding sites modulate cell proliferation and thus primary tumor growth to a greater degree in vivo than in a less physiologic monolayer culture in vitro.
In summary, we have functionally characterized the unique domains of IGFBP5 in the inhibition of OS tumorigenicity and metastasis. We have demonstrated that the N domain of IGFBP5 suppresses cell proliferation and primary tumor growth while inducing apoptosis. The C domain primarily inhibits cell migration and cell invasion while also preventing primary tumor growth and spontaneous pulmonary metastases. We believe that further studies are warranted to investigate both IGF dependent and IGF independent signaling pathways that may be regulated by the IGFBP5 domains. Furthermore, identification of the anti-metastatic C domain can be used to develop novel recombinant proteins for therapeutic interventions in the clinical arena.
